required for the formation of hemolymph clots that seal wounds, and Idgf3 mutants display an extended developmental delay during wound healing. Altogether, our findings indicate that vertebrate and invertebrate CLP proteins function in analogous settings and have a broad impact on inflammatory reactions and infections. This opens the way to further genetic analysis of Drosophila IDGF3 and will help to elucidate the exact molecular context of CLP function.
Introduction
Tissue repair and regeneration are fundamental processes required for the replacement of dead or damaged cells after injury and during inflammatory processes. Normal healing in mammals, which leaves no permanent traces, is tightly regulated and requires a strict balance between the de novo production of and degradation of extracellular matrix. In case this balance is disturbed or the stimulus persists, this leads to a fibroblastic stage which involves the sustained formation of extracellular matrix and tissue remodeling, and may leave a permanent scar (fibrosis). In addition to their involvement during regenerative processes, fibroses may also be part of immune reactions that involve the formation of larger inflammatory cell aggregates (granulomas) against abiotic objects and parasites, such as nematodes [1, 2] . When left unchecked, fibrosis formation potentially leads to permanent damage, resulting in morbidity and mortality [1] . Examples of the latter situation include cardiovascular diseases and organ-wide lesions affecting the skin, liver, kidney and lung [1] as well as aberrant tissue repair in cancers [3] . Tissue regeneration and immune responses against certain nematodes are dominated by a T-helper 2 cell (Th2)-based response, which includes the Th2 cytokines IL-4, IL-5 and IL-13 [2] . During both fibrosis formation and the response against nematodes, members of the 18 glycosyl hydrolase family are strongly induced.
Insect innate immune systems use effector mechanisms that resemble mammalian granulomas. They include capsules which are made against larger intruders, such as parasitoid eggs, nodules against large quantities of bacteria and hemolymph clots that form at the entry site of insect (entomo)pathogenic nematodes (EPNs) [4] . During all 3 reactions, blood cells (hemocytes) aggregate and release cytokines and extracellular matrix components. This may attract additional hemocytes or, in some cases, lead to the differentiation of additional hemocyte types. Subsequently, a cellular aggregate forms, which ultimately melanizes.
The 18 glycosyl hydrolase family is well conserved across animal orders. It comprises enzymatically active members that degrade chitin as well as chitinase-like proteins (CLPs), which may still bind to chitin or related polysaccharides but lack enzymatic activity (e.g. human Chi3l1/YKL40 and mouse Ym1) [2] . CLPs are often dysregulated in patients with various disorders such as asthma, chronic obstructive pulmonary disease (COPD), rheumatoid arthritis, cancer, diabetes and atherosclerosis; they effect inflammatory responses and tissue remodeling, and can serve as useful diagnostic markers [5] . Despite their association with disease, molecular insight into their physiological function and their contribution to disease etiology emerged only recently. Human Chi3l1 contributes to the augmentation of bacterial killing, the regulation of cell death, inflammation and remodeling [6, 7] . This involves the formation of a complex of IL-13, the IL-13 receptor alpha 2 and Chi3l1 [6] . Dysregulation of CLPs may influence the Th1/Th2 balance, shifting macrophages towards the M2 phenotype and activating MAP kinase and Akt signaling as well as the Wnt pathway [6] . A complex regulatory role for Chi3l1 in the progression of idiopathic pulmonary fibrosis was recently revealed [7] . Chi3l1 levels were increased in patients with idiopathic pulmonary fibrosis, which is associated with distortion of the lung architecture and compromised lung function. Importantly, the Chi3l1 levels correlated with the disease progression. The specific role of Chi3l1 was further studied in a mouse fibrosis model involving bleomycin-treatment and inducible expression of human Chi3l1. YKL-40 induction after bleomycin treatment had a protective role early on after injury, but at later stages, elevated Chi3l1 levels had profibrotic effects [7] . The 3 mouse CLP members were recently studied in an infection model that involved migration of a nematode through the lung epithelia. CLPs were found to limit parasite survival, although this came at the expense of the host and led to an increase in lung damage [8] . Both innate immune cells and γ/δ T cells were involved [8] (review [9] ).
Drosophila imaginal disc growth factors (IDGFs) comprise a small family of 6 secreted glycoproteins with sequence similarity (approx. 56%) to mammalian CLPs [10] . Like mammalian CLPs, they lack the amino acids required for enzymatic activity, resulting in the loss of chitinase activity [11] . The founding member of this family, named DS47, was identified by Kirkpatrick et al. [10] in 1995 as a secreted product of S2 cells, a cell line exhibiting macrophage-like properties. The in vivo function of this family is not known, but IDGF1 and IDGF2 were implicated in the stimulation of growth and motility of Drosophila cells in vitro [12] .
Drosophila IDGFs are produced in the fat body and hemocytes, the two major immune tissues in flies [10, 12, 13] . Their concentration in the hemolymph increases after infection or parasitization [4, 14] . Strong transcriptional upregulation of IDGF family members was detected in several published microarray studies of the response to infection and injury [13, 15] . Micrococcus luteus and Escherichia coli infection (but not fungal infection) induces Idgf3 expression in adults [13, 16] . These findings indicate that IDGFs contribute to immune responses.
In this study, we analyzed the function of Drosophila IDGF3, with a special focus on immunity. We found that Idgf3 mutants are homozygous-viable, and have defects in hemolymph clotting, which is the earliest response of Drosophila larvae after injury and upon nematode entry. Transcription profiling suggested that IDGF3 is involved in the regulation of innate defense mechanisms and signal pathways connected to wound healing as well as regenerative processes including Wingless (Wg) and Jak/STAT signaling, both implicated in the formation of fibrotic lesions in mammals. In addition, IDGF3 has further effects on the fly immune and regenerative response: Idgf3 mutants show an increased mortality after nematode infections and increased time requirements during wound healing. This is consistent with the proposed immune and regenerative function of mammalian CLPs. Altogether, this suggests that, similar to human Chi3l1, Drosophila IDGF3 is a key regulator of the epithelial response to injury and infection.
Materials and Methods

Drosophila Strains and Production of Transgenic Lines
For standard procedures, flies were raised on a cornmeal-yeastagar-sugar diet with 0.3% Nipagin at 25 ° C. Transgenic flies carrying Idgf3::GFP and UAS-Idgf3-myc constructs were generated (see below).
The Idgf3 L1 mutant was generated by mobilization of the P-element, NP2446 , which is located at +45 bp after transcription start of the Idgf3 gene. The Idgf3 L1 mutant contains a partially excised and recombined P-element which has lost the w+ marker and contains a small duplication of 8 bp in transcription start of the Idgf3 gene ( fig. 1 a) , leading to a complete loss of transcription (online suppl. fig. S1 ; www.karger.com/doi/10.1159/000442351 for all online suppl. material). The Idgf3 L1 mutants are viable under homozygous conditions. The recessive lethal dac 7 mutant [17] , which covers the Idgf1-3 cluster and the 3 ′ end of the Dachshund gene, was kindly provided by Graeme Mardon (Baylor College of Medicine, Houston). The following fly lines were obtained from the Bloomington Stock Center: Idgf3 NP2446 , Act-Gal4::PR/TM6BTb [18] , hmlΔ-Gal4 (III) and the wild-type lines Canton S and w 1118 , which served as our controls.
For overexpression and rescue experiments, either hml-Gal4 driver was used (it mimics the natural expression of Idgf3 in hemocytes) or progesterone-inducible Act-Gal4::PR driver (it mimics inducible expression of Idgf3 as a response to infections). For activation of Act-Gal4::PR driver larvae of the experimental genotype w;Act-Gal4::PR/UAS-Idgf3-myc and control genotype w;ActGal4::PR/+ (driver only) were transferred for 12 h to fly food containing 5 μg/ml of mifepristone (Sigma-Aldrich) according to Rogulja and Irvine [18] .
Transgenic Constructs
To produce a UAS-Idgf3-myc construct wild-type cDNA for the Idgf3 gene from the EST-clone, GH07453 from the pOT2 vector was amplified by PCR using Pfu DNA polymerase (Fermentas) /+) have similar mortality to the control (w 1118 ) . Differences compared to control genotype were analyzed using the Student t test. * * * p < 0.001, only significant results are shown; error bars represent SEM. and the following primers, Idgf3EcoF: TGAATTCATCATGA-CTGGCTCTCTTTGGCTC and Idgf3R1: CTTCTGAGATGAG-TTTTTGTTCGAGAAGTCGATACTTGATGGCG in the first step. The PCR product was used as a template in a subsequent PCR reaction with the same forward primers Idgf3EcoF and MycXba: GTTCTAGATCACAGATCCTCTTCTGAGATGAGTTTTTG-TTC as reverse primers, extending the sequence for the myc tag and XbaI cutting site. The final PCR product was cut using EcoR/ XbaI and cloned into the pUAST vector. Stable stocks with UASIdgf3-myc were produced using standard P-element transformation of the w 1118 fly strain. A homozygous-viable insertion on the 3rd chromosome was used for further experiments.
Recombineering of GFP into Idgf3 in Flyfos Construct
The Idgf3::GFP fusion construct is based on a fosmid library clone pFlyFos (ID = 026931) obtained from Pavel Tomancak [19] which contains the Idgf1-3 gene cluster including regulatory elements. The genomic region of the Idgf3 gene was modified by recombineering in E. coli in vivo by use of the Red/ET recombination technology according to the protocol in Ejsmont et al. [19] , with the following modifications: the GFP protein was connected to the C-terminus of Idgf3 via a 2 × TY1 tag. The PCR cassette for tagging was amplified with Phusion polymerase (NEB). The plasmid containing the tagging cassette (2 × TY1 tag, C-terminus GFP and KanR) was used as a template. For the generation of the PCR cassette, oligonucleotides containing 50-bp homology arms for recombineering followed by the linker region of amplification were used; forward: GCACAAACGATCGCTTCCCCATGCTGCGC-GCCATCAAGTATCGACTTCTCGAAGTGCATACCAAT-CAGGACCCGC and reverse: TGGACTGGAGAAGTTGGCTT-A GAGAAGTTGGCTTAGAGAAGTCGGCTTACTTGTCGT-CGTCATCCTTGTAGTCA. The recombined fosmid was purified with a Plasmid Midiprep kit (Macherey-Nagel). Since pFlyfos contains an attB site, a stable stock with an extra copy of the Idgf3::GFP fusion gene using the native promoter was produced using PhiC31 integrase-mediated transgenesis into the attP40 insertion site on the left arm of the 2nd chromosome.
Real Time RT-PCR
Total RNA from 15 flies per sample was isolated using the RNA Blue reagent (Top-Bio). The RNA was further purified with the NucleoSpin RNA II kit (Macherey-Nagel) including an on-column digestion step with rDNase I. One microgram of total RNA was reverse-transcribed at 42 ° C using oligo(dT) 17 
Nematode Infections
Nematode infections were performed in duplicate in 96-well plates as described previously, and analyzed using the Student t test [4] .
Experimental Design and Preparation of Microarray Samples
We analyzed 2 different genotypes, i.e. a control and a null mutation in the Idgf3 gene. All genotypes were generated as progeny from the shared parental genotype w;Idgf3 L1 /+;UAS-Idgf3-myc/ UAS-Idgf3-myc , which should minimize genetic background variation in our samples. All samples ( Idgf3 mutant and control) and replicates were processed in 1 experiment. Age-matched third-instar larvae (96 h after egg-laying) were analyzed. For the control and mutant genotypes, we used samples infected by EPNs for 2 h and analyzed these 6 h afterwards as described in the study by Arefin et al. [4] . The summary of the microarray analysis is shown in online supplementary table S6. Samples were frozen and stored at -80 ° C till RNA extraction.
Total RNA from whole larvae was extracted using RiboZol RNA extraction reagent (Amresco) according to the manufacturer's protocol, and subsequently cleaned with the NucleoSpin RNA II kit (Macherey-Nagel). The quality and concentration of the RNA were measured with a NanoDrop 2000 spectrophotometer (Thermo Scientific). RNA integrity was analyzed in an Agilent 2100 bioanalyzer. We included only samples with an intact RNA profile.
Expression Profiling
The Affymetrix GeneChip ® Drosophila genome 2.0 array system was used for microarray analysis following the standard protocol: 100 ng RNA was amplified with GeneChip 3 ′ IVT express kit (Affymetrix), and 10 μg of labeled cRNA was hybridized to the chip according to the manufacturer's instructions.
Statistical Analysis of Array Data
Analysis was performed in triplicate and analyzed as previously described [4] . Although all data were processed in parallel, the transcriptome of the control larvae was already available in a previous study [4] and that of the Idgf3 mutants is made available as part of this study. The transcription data are MIAME-compliant and deposited in the ArrayExpress database (www.ebi.ac.uk/arrayexpress; accession Nos. E-MTAB-1542 [4] and E-MTAB-3478). To identify significantly perturbed pathways, we performed signal pathway impact analysis (SPIA) [20] on Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways [21] : genes with |logFC| > 2 and a p value <0.05 were considered differentially transcribed. Twelve genes had significantly changed after nematode infection in the controls had been validated before by quantitative RT-PCR [4] .
Bead Aggregation Assay
The bead aggregation assay was performed according to Lesch et al. [22] with slight modifications. Briefly, 2.5 μl of hemolymph was collected from 6 late third-instar larvae (120 h after egg collec 
Clotting and Wounding Assays
Clots were prepared using the 'hanging drop' method [22] and stained either natively with FITC-conjugated peanut agglutinin (PNA, Sigma-Aldrich) or fixed with 4% p-formaldehyde and stained with antibodies and other fluorescent dyes. The following antibodies and dyes were used: rabbit anti-IDGF3 (1: 50 dilution, for a further description see below), rabbit polyclonal anti-GFP (1: 2,000 dilution, Life Technologies), AlexaFluor 568-conjugated anti-rabbit (1: 1,000 dilution, Invitrogen), FITC-conjugated antirabbit (1: 200 dilution, Life Technologies) and DAPI (1: 1,000 dilution, Sigma-Aldrich). Confocal images were taken with a Zeiss LSM 780 microscope.
Wounding assays were performed according to Burra et al. [23] . Feeding third-instar larvae (96 h after egg-laying) were injured with a tungsten needle (125 μm in diameter). For the survival experiment, wounded larvae were transferred to vials with fly food and the number of dead and pupated larvae was scored approximately every 12 h. Results were analyzed in R statistical software with the log-rank test. For localization of IDGF3:GFP, the wound site was observed under a Leica MZ FLIII fluorescence stereomicroscope and scored every hour for a period of 8 h. Images were taken with a Hamamatsu ORCA-ER camera (C4742-95) attached to a Zeiss Axioplan 2 microscope.
The anti-IDGF3 antibody was raised in rabbits against 14 amino acid long peptide C-EQRHLAQITSMKER (cysteine linked to the carrier protein), which was specific for IDGF3, by the GenScript company.
Results
IDFG3 Mutants Are More Sensitive to EPN Infection
Idgf1-3 were identified as immune response genes by several microarray studies [4, 13, 15] . In order to elucidate the role of IDGFs in immunity, we generated an Idgf3 mutant for which a P-element, integrated close to transcription start of Idgf3 gene, was available ( fig. 1 a; see Materials and Methods). RT-PCR analysis of a mutant obtained by imprecise excision of the P-element showed that the mutant did not express the Idgf3 gene (online suppl. fig. S1 ). Mutant larvae showed a normal phenotype. Idgf3 adult flies were viable but showed wing defects, in line with the proposed function as a growth factor (online suppl. fig. S2 ). Adult males were also sterile and females exhibited lower fecundity (online suppl. fig. S3 ). To test whether Idgf3 has an immune function, we followed the survival of Idgf3 mutants after infection with EPNs ( Heterorhabditis bacteriophora and their symbiotic bacteria Photorhabdus luminescens ) [4] . Mutant larvae infected with EPNs had a 2.5-fold higher mortality rate at day 2 after infection when compared to the control larvae ( fig. 1 b) . These results showed that IDGF3 has a protective function against nematodes.
Transcriptome Analysis Identifies Pathways That Are Regulated by IDGF3 during EPN Infection
In order to map IDGF3-regulated genes, we compared the transcriptome of nematode-infected and naïve I dgf3 mutants to controls with an identical genetic background (online suppl. fig. S4 ) [4] . The underlying rationale was to identify genes and pathways that contribute to the difference in susceptibility towards nematodes between normal and mutant larvae. Analysis of the biological process gene ontology terms (AmiGO 2) for genes that were differentially regulated when comparing naïve wild-type and mutant larvae did not detect any enriched terms, in line with the lack of any dramatic phenotype of the mutants at this stage. In contrast, the infection of both mutant and normal larvae led to a highly significant induction of immune-related genes ( fig. 2 : overlapping group in the Venn diagram; online suppl. table S1: complete list of 150 induced genes and 51 downregulated ones). Enriched GO categories in this group almost exclusively included those with a function in immunity ( fig. 2 ; online suppl. tables S1, S2). Most nematode-regulated genes shared directionality of their regulation and even showed similar levels of induction when compared in EPN-infected controls and mutant larvae (online suppl. table S1: genes shared after infection). The only exceptions were 2/201 genes (CG32379 and CG10621), a carboxypeptidase and a homocysteine S-methyltransferase, respectively, which were regulated in opposite directions. Altogether, this confirmed our previous findings that EPN infection induces a strong immune response [4] , and showed at the same time that most of the immune response does not depend on the presence of IDGF3. However, there are some notable exceptions, namely 3 antimicrobial peptides which are amongst the 5 most strongly induced genes in infected control larvae but are not induced in Idgf3 mutants ( fig. 2 : category A; for a complete list, see online suppl. table S1: ctr infection-specific). They include 2 small peptides (immune-induced peptides, recently named Bomanins [24] ) and, most significantly, Drosomycin , the signature gene for the Toll pathway. The dataset from infected Idgf3 mutants allowed us to comprehensively identify those genes that are induced in an IDGF3-dependent manner upon EPN infections (online suppl. tables S3, S4). GSEA analysis of this group showed enrichment for pathways that are involved in developmental processes in Drosophila . In flies, many of the pro- gALL = Known number of genes defined in Drosophila genome; gDET = number of genes belonging to a given pathway; gSIG = number of significantly regulated genes (|logFC| >2 and p < 0.05); n.s. = no significant pathway detected. cesses identified regulate cellular activities that are required during the development of the nervous system and/or the imaginal discs. Several of these have been implicated in regenerative processes in mammals including Wg signaling (Wnt or Wg in flies), Hedgehog (Hh) and Jak/STAT signaling. SPIA ( table 1 ) showed that Wg and Jak/STAT signaling are significantly downregulated upon EPN infection in control larvae but not in infected mutants. Completely in line with this, individual inspection of the genes that were induced after infection of wild-type larvae identified several negative regulators of both Wg and Jak/STAT signaling (online suppl. table S4). The Wg pathway includes naked cuticle [25] , sulfated [26] , shifted [27] , nemo [28] and Rho1 [29] , whereas the Jak/STAT signaling involves 2 members of the SOCS family [30] and a PI3-kinase (CG4141), which acts in a regulatory loop upon axonal injury [31] .
Additional induced genes were also notable, including myoblast city (Mbc) , which functions during syncytium formation in other contexts and may support the formation of the epithelial syncytia found at the wound edges [32] . Altogether, these results establish IDGF3 as a novel regulator of EPN-induced immune and regenerative processes.
IDGF3 Mutants Have Clotting Defects
Many of the genes previously identified to protect Drosophila from nematode infection are involved in clotting, wound sealing or encoding extracellular matrix components [4, 33, 34] . To determine whether Idgf3 mutants exhibit clotting defects, we used a previously established bead aggregation assay [22] . Compared to the controls, the mutant hemolymph showed very poor bead aggregation (compare the lower part of fig. 3 a and the quantification above). When we verified the ultrastructure of clots from the mutant hemolymph, we found that it completely lacked the fibrous clot matrix observed in normal larvae (online suppl. fig. S5 ). The ectopic expression of IDGF3 in hemocytes in the mutant background rescued the ability to aggregate beads ( fig. 4 a) and restored clot fiber formation (online suppl. fig. S5C ), showing that although IDGF3 is expressed in other organs especially in the fat body, its expression in hemocytes is sufficient to drive clot formation. To further confirm a role for IDGF3 in clotting, we used an inducible system to overexpress the protein (details in Materials and Methods). Clot samples from overexpressing larvae showed increased lectin staining and extended fiber formation (online suppl. fig.  S6 ). This also led to larger aggregates of clot matrix, which were not detected in normal clots (online suppl. fig. S6B ). IDGF3 mutants show defects in clot formation. a Hemolymph preparations were used to detect clot formation using a previously described bead aggregation assay [22] . Idgf3 L1 mutants lacked clot formation visible through a lack of bead aggregation (middle part of the figure underneath the diagram and quantification in the diagram) compared to controls (w 1118 ). The clotting defect was rescued by ectopic expression of Idgf3 in hemocytes (Idgf3 L1 /hml > Idgf3). Data were analyzed using one-way ANOVA and the Tukey test. n.s. = Not significant. * * p < 0.01, * * * p < 0.001; error bars represent SEM from 4 independent preparations. b Ubiquitous inducible overexpression of Idgf3 leads to more extensive clot formation measured as thickness of the clot. Control larvae (GT ctr = nontreated genotype control, PR ctr = mifepristone-treated driver control and Control = nontreated driver control) and overexpression larvae (oEx Idgf3) preparations of clots were stained with FITC-conjugated PNA and the thickness of the clots was measured using a confocal microscope. Experimental genotype: w;UAS-Idgf3/Act-Gal4:PR ; driver control genotype: w;Act-Gal4:PR/+. The flies were treated 12 h with mifepristone (5 μg/ml) for 12 h. Data were analyzed using one-way ANOVA and the Tukey test. * p < 0.05, * * p < 0.01, * * * p < 0.001; error bars represent SEM from 5 independent preparations measured repeatedly at multiple spots of the grid.
In addition, the average thickness of the clots prepared from larvae overexpressing IDGF3 was increased compared to all the controls ( fig. 3 b) . Altogether, this indicates that the extent of clot formation correlates with the level of IDGF3 expression.
IDGF3 Promotes Wound Healing
To test the effects of IDGF3 on wound healing, we injured mutant and wild-type larvae with a tungsten needle and followed their recovery ( fig. 4 ) . Both groups survived wounding equally well in the long term, in line with previous observations that the absence of a hemolymph clot has limited effects on survival after wounding, even in mutants where immunity is clearly affected [34] . They also both showed a developmental delay due to wounding, similar to that observed after the induction of wounds upon irradiation or in genetically induced wounds as well as in a Drosophila tumor model [35, 36] . Strikingly, though, the developmental delay was more pronounced in the mutant, showing that IDGF3 supports a swift recovery after wounding ( fig. 4 ) . Most likely as a consequence of reduced clotting, the scab in Idgf3 mutants was also less confined (online suppl. fig. S7 ). Altogether, this provides functional proof for the contribution of IDGF3 to wound healing, in line with our GO analysis of the transcriptome data.
IDGF3 Is Part of Hemolymph Clots and Is Present at Wound Sites
Since the extent of clot formation seemed to depend on the concentration of IDGF3 in the hemolymph, we wondered whether IDGF3 itself was present in the clot. Clots from wild-type larvae, prepared using previously established methods [37] , were labeled with an antibody against IDGF3 ( fig. 5 a) . Double staining of the clot using PNA (which binds several clot components via their carbohydrate moiety [22] ) and the IDGF3-specific antibody showed partial overlap including both clot fibers and hemocytes. Similarly, a GFP-tagged version of IDGF3 both localized to clot fibers and accumulated in wounds afflicted by mechanical injury ( fig. 5 b, c) . The pattern that we observed is compatible with the idea that IDGF3 is an integral part of hemolymph clots, which form after wounding. Altogether, our results suggest that IDGF3 has an important role in Drosophila wound closure and contributes to wound healing and regenerative reactions that protect Drosophila larvae against nematode infections.
Discussion
We describe a novel and unanticipated function for IDFG3, one of the Drosophila members of the CLPs. We show that IDGF3 is an integral part of the hemolymph clot and contributes to the protection against EPNs. The latter finding provides further support for the clot's function in immunity [38, 39] . Notably, the mouse CLP member Ym1 is amongst the most strongly induced proteins upon nematode infections in mice [40] , and its function in the protection against nematodes was strongly suggested in recent studies of the 3 mouse CLP members [8] . To study the effects of IDGF3 in larvae infected with EPNs in an unbiased way, we performed transcriptional profiling of infected wild-type and mutant Drosophila larvae. We found a large set of genes that are induced during nematode infection in both cases. Many of these are immune genes including antimicrobial peptides; this confirms previous results [4] and suggests that at least part of the protection against EPNs is caused by antibacterial activity, which acts upon the nematodes' symbiotic bacteria that are released during the infection. A subfraction of immune genes is induced in an IDGF3-dependent manner, in line with the proposed immune modulatory role of chitinase family members [8] .
Enrichment analysis using SPIA identified additional pathways that are regulated via IDGF3. Amongst these, Wg and Jak/STAT, which are downregulated, are notable. Both pathways have been linked to fibrotic lesions in mammals and we show clearly that they are modulated by CLP signaling. Using AmiGO analysis of the array data, manual analysis of individual regulated genes and IDGF3 is part of the hemolymph clot and is present in wounds. a Clot fibers were prepared as described before [52] . They were caught on grids, fixed, and without any prior detergent treatment, stained with PNA-FITC (upper left), and an IDGF3-specific antibody (IDGF3-Alexa; upper right). Pictures were recorded using confocal microscopy. Scale bar: 15 μm. Both PNA and IDGF3 were detected on the surface of hemocytes (white arrows) and in clot fibers (yellow arrows). In a doublestaining, the PNA signal on the surface of hemocytes is stronger, but IDGF3 staining is stronger in the fibers (Merged). b Clot fibers and hemocytes visualized using an IDGF3-GFP fusion protein show a stronger signal in hemocytes because of the presence of intracellular IDGF3. Scale bar: 15 μm. c IDGF3 accumulates in clots at the wound site. GFP-tagged IDGF3 was followed using fluorescence microscopy of larvae 6 h after wounding with tungsten needles. Scale bar: 50 μm.
SPIA, we found a number of negative regulators of Wg signaling that were induced and additional genes that have antiproliferative effects. This is in line with results from previous studies of wound healing in Drosophila and other insects where proliferation was not observed [41] . Of note, among the Wg regulators induced, we identified shifted , the Drosophila ortholog of mammalian Wnt inhibitory factor, which, in the fruit fly, has been shown to control the activity of Hh rather than Wg [27] . Thus, IDGF signaling may lead to both Wg repression and Hh activation. In vertebrates, Wg and Hh have dual functions during development and skin repair [42] . Our findings suggest that there is a different function for Wg and Jak/STAT signaling during EPN infections when compared to other Drosophila models of injury such as during gut regeneration. Both upon feeding bacteria and chemical irritants (including bleomycin), canonical Wg and Jak/STAT signaling in gut epithelia are required to induce stem cell proliferation [43, 44] , indicating that, although the dual use of the pathways may be conserved between epithelia, the outcome appears to depend on the tissue and/or regulation via IDGF3 and the clot. An example for a potential key regulator is provided by neijre , the Drosophila homolog of histone acetyltransferase CREB-binding protein, which we found to be induced, and which acts as a bimodal regulator of Wg signaling [45] . Taken together, the pattern of induction that we observed after nematode infection is compatible with previous findings, i.e. that cuticular wounding in flies activates cellular activities that help to close the wound rather than activate cell proliferation [41] . Future work will enable us to localize the differential regulation of genes/pathways to individual cells/tissues. The site of damage, neighboring tissues [46] and more distant sites [47, 48] are potential targets. Our functional analysis shows that IDGF3 supports a swift recovery after wounding. This means that, upon wounding and in the context of nematode infections, IDGF3 plays a positive role, similar to mammalian CLPs at an early stage of regeneration after wounding or upon infection. It will be of great interest to study how Drosophila IDGF3 affects the development of fibrotic lesions and the reaction against chronic states such as tumors; Drosophila models are available for both of these [49] [50] [51] . For the mechanism of action of IDGF3, we envisage the following 3, not necessarily exclusive, scenarios. (1) Based on its carbohydrate (chitin)-binding activity, it may mediate the interaction between the clot and the wound edges where chitin has become exposed due to damage to the underlying basement membrane and the epithelia; this idea is supported by the accumulation of IDGF3 that we observed at the wound edges ( fig. 5 c) . (2) Since Drosophila IDGFs are known to act as cytokines, IDFG3 may bind to carbohydrate moieties present on hemocytes, and, similar to vertebrate Chi3l1, regulate cellular activities. (3) Similar to what has been proposed for mouse CLPs, Drosophila IDGFs may act as pattern recognition molecules that bind chitin or related carbohydrates on the surface of nematodes and other parasites, activating immune effector mechanisms [8] . Combinations of these mechanisms can be envisaged, e.g. while present as a soluble protein in the hemolymph, IDGF3 may act as a cytokine, and upon incorporation into the clot, it may act as a structural component.
Our results have the potential to aid our understanding of the dual role mammalian CLPs play during chronic states such as the development of fibrotic lesions [7] . Our list of IDGF3-dependent genes that are induced upon infection provides a genome-wide source of further targets for the functional analysis of wound healing and subsequent regenerative processes.
Taken together, the work presented here provides experimental evidence for a protective function of CLPs during wounding and immune reactions. This opens the way for using the genetically tractable Drosophila model to study these processes in normal and pathological contexts and also their contribution to resistance against parasites.
